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ABSTRACT First-principles calculation of the transverse conductance across DNA fragments placed between gold nan-
oelectrodes reveals that such conductance describes electron tunneling that depends critically on geometrical rather than
electronic-structure properties. By factoring the ﬁrst-principles result into two simple and approximately independent tunneling
factors, we show that the conductances of the A, C, G, and T fragments differ only because of their sizes: the larger is the DNA
base, the smaller its distance to the electrode, and the larger its conductance. Because the geometrical factors are difﬁcult to
control in an experiment, the direct-current measurements across DNA with gold contact electrodes may not be a convenient
approach to DNA sequencing.
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Electrical conductance of DNA molecules has attracted
a lot of attention in recent years (1–6). This is due to the
potential for using DNA (modiﬁed or unmodiﬁed) to con-
struct molecular electronic devices, and for sequencing DNA
by means of conductivity measurements (7). There are strong
motivations for ﬁrst-principles quantum transport calcula-
tions of molecular junctions, including junctions containing
DNA molecules. Although experimental conditions on the
nanoscale are often difﬁcult to control, theoretically there is
no ambiguity of the structure of the material under study. It is
also generally believed that the energies and characteristics of
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) decide the
conductance characteristics of a molecular circuit. For
example, the broadening of the HOMO and LUMO states
were used to interpret some of the tunneling experiments (8).
The importance of the electronic structure is accentuated in
some of the recent molecular electronics calculations, which
deduced transport properties entirely from the (complex)
band structure calculations (9–11) using periodic boundary
conditions.
A recent theoretical study indicates that it is possible to
distinguish different nucleotides by measuring the transverse
DNA conductances (6). This study raises the hope that
differences in the electronic structure between the different
DNA fragments can provide a means for DNA sequencing
using direct-current (DC) conductance measurements. The
result implies that the difference in the electronic structure of
the nucleotides leads to large differences in conductivity.
However, the electronic structure of the system that ‘‘feeds’’
the electronic transport calculation was obtained from a
parameterized tight-binding Hamiltonian. Thus, questions
remain for the cause of the orders of magnitude difference in
the conductances of the nucleotides.
In this Letter, we present ﬁrst-principles calculation of the
conductance across DNA fragments and then use a simple
model to connect the results with the pertinent physical fac-
tors such as the geometric and electronic properties of the
molecules. We show that in the tunneling regime, the HOMO
and theLUMOplay little role in determining the conductance.
Instead, the ﬁrst-principles result can be easily explained by
an expression derived from simple geometric considerations.
The distinguishability of A, C, G, and T fragments in
conductance is mainly correlated to the geometric dimensions
of these fragments. When a DNA strand is pulled through
metal leads, it is unlikely that all fragments line up in one
direction to make the best contact with the leads. Our result
shows that the DC measurement of the tunneling current may
not be able to distinguish nucleotides in a reproducible way,
unless there is an effective control of the critical factor in the
conduction, i.e., the DNA-electrode mutual geometry.
There are two dominant charge transport modes in large
molecules (12). At distances below 2 nm, coherent quantum
transport is the primary mechanism. At larger distances,
incoherent hopping or diffusion becomes dominant. In our
study, the size of the gap between the two electrodes is kept
ﬁxed at 1.5 nm. Therefore we consider only the quantum
transport effect. Instead of placing an entire single strand
DNA chain between two electrodes, for the expedience of the
calculation we use a portion of the ssDNA that contains only
one base and a sugar-phosphate group, as shown in the inset of
Fig. 1 for the fragment containing the adenine base. To ensure
charge neutrality, the DNA fragments are modiﬁed in our
model so that two oxygen atoms of the phosphate groupswere
saturated with hydrogen; the carbon 39 of the sugar group was
saturated with hydrogen as well.
The electronic structure of the open system, which is
composed of lead-molecule-lead, is computed following
the procedure given in Zhang et al. (13). The generalized
 2006 by the Biophysical Society
doi: 10.1529/biophysj.106.085548
Biophysical Journal: Biophysical Letters
Biophysical Journal: Biophysical Letters L04
tight-binding approach (13,14) in conjunction with the
Green’s function method was used to open the quantum
system and connect it to the boundary conditions at inﬁnity,
computingT in terms of thewell knownCaroli’s formula (17).
The transmission probabilities through A, G, C, and T
fragments placed between gold nanowires are calculated as
functions of the rotation of the DNA bases about the sugar-
base axis. Detailed electronic structure will be presented
elsewhere. Here we summarize the results relevant to electron
transport. There are not large changes in the molecular orbital
levels in any of the molecules as a function of the angle u, in
contrast to the strong, almost exponential dependence of the
conductance with this angle. The extended molecules
containing electrode-molecule-electrode array have orbitals
whose energies are close to the Fermi energy. But these
orbitals are entirely conﬁned within the electrode region. The
evanescent tails of these electrode orbitals inside themolecule
have nearly identical exponents of decay, ;1.02/A˚. This
value is similar to the longitudinal complex band calculation
for polyA and polyT molecules (11).
To understand the ﬁrst-principles results, we factor the
calculated conductance using two geometric variables, the
rotation angle u, and the thickness d of the vacuum gap
between the top electrode and the nearest atom of the
molecule. We factor the conductance into the form,
g ¼ FðuÞek0d; where k0 is the (density) decay wave vector
in vacuum. The precise form for F(u) depends on the
geometric parameters of the DNA base. In deriving F(u),
we assume that the DNA base has effective dimensions l1 3
l2 3 a. The ﬁrst parameter l1 is the linear dimension of
the DNA base along the direction of the electrodes and is
deduced from the difference in the height of the DNA
fragment at u ¼ 0 and at u ¼ 90. The second parameter, l2,
is an effective linear dimension of the base along the
direction perpendicular to both l1 and the u-rotation axis and
is ﬁtted from the u-dependence of the conductance. The
effective cross section of the base is al2 at u ¼ 0 and al1 at
u ¼ 90. Note that l1 varies between different fragments, but
l2 is assumed to be the same for all fragments. The electron
can tunnel through multiple paths, which we assume are
coherent. The wave function amplitude for tunneling along a
path is exp f –[k0x cos u 1 k1(l1 – x)]/2g, where x takes a
value between 0 and l1 and the phase of the wave function is
neglected (equivalent to an assumption that the wave vectors
are imaginary along all paths, including those inside the
molecule). The effective cross section for each path is a sin
udx. Integrating the amplitudes over x, we ﬁnd the following
expression for F(u):
FðuÞ ¼ g0 11 2sinuðe
ðk1k0cosuÞl1=2  1Þ
ðk1  k0cosuÞl2
" #
; (1)
where g0 is a constant independent of u but may be different
for each type of DNA fragment, and k1 is the (density) decay
wave vector inside the molecule. An overall factor of al2
exp(–k1l1) has been absorbed into g0. Some of the parameters
in Eq. 2 can be determined directly from the geometry. The
values of l1 are 1.6, 0.89, 2.7, and 0.8 A˚ for A, C, G, and T
fragments, respectively. As discussed earlier, k1 is nearly
constant for all conﬁgurations, and is ;1.02/A˚. The rest of
the parameters are obtained after ﬁtting Eq. 2 to the ﬁrst-
principles calculations.
To check whether factorization of g is valid, we ﬁrst
examine the dependence of the conductance ond. In Fig. 1,we
plot the normalized conductance, with the u-dependence
removed in the form g/F(u), as a function of d. Fitting this plot
to the exponential yields k0 ¼ 2.5/A˚, corresponding to a
barrier height of 5.7 eV for an electron effective mass of 1me.
This is in good agreement with the surface work function of
gold around 5.5 eV. Not surprisingly, different scaling factors
are needed for each type of fragment to ﬁt all data on a single
curve, reﬂecting g0 dependence on l1 and l2. The ﬁtted
parameters are l2 ¼ 2A˚, and the values of g0 are 2.8 3 105,
2.23 104, 3.43 105, and 4.53 104, in units of quantum
conductance e2/h, for A, C, G, and T fragments, respectively.
The deviations of the ﬁrst-principles results from the simple
exponential are not random. They are oscillations due to
quantum interference effect that is neglected in Eq. 1, and will
be discussed below. For the case of the T fragment at u. 60,
the conductance drops sharply to nearly zero, possibly due to
antiresonance. These data points are not included when ﬁtting
to the exponential. The cause of much higher conductance of
the G fragment at small angles is clear from Fig. 1. It is due to
themuch smaller gap between themolecule and the electrode,
which is the result of the larger size of the G fragment.
Next we scale out the exponential factor, exp(–k0d), from
the conductance and examine the angular dependent factor,
F(u). In Fig. 2, we plot F(u) for all of the DNA fragments and
FIGURE 1 Normalized conductance, g/F(u), as a function of the
distance between the top electrode and the nearest atom of the
DNA. The solid line is the exponential exp(–k0d) with k0 5 2.5/A˚.
Inset shows the conﬁguration of gold electrodes and a fragment
containing the adenine base. The distance between the gold
leads is 1.5 nm. Two unit cells of each gold lead are shown.
Biophysical Journal: Biophysical Letters L05
Biophysical Journal: Biophysical Letters
compare with Eq. 1. Although Eq. 1 captures the trend of
the angular dependence pretty well, we see here that there
are additional large oscillations in the ﬁrst-principles results.
These oscillations arise from the interference effect, ne-
glected during derivation of Eq. 1, between different tun-
neling paths. If the complex wave vector inside the molecule
has a nonzero real part, a summation of the wave function
amplitudes over different tunneling paths yields a nonzero
phase in the second term of Eq. 1. This can produce an os-
cillatory cross term in the conductance. A similar effect was
predicted in Fe/MgO/Fe tunnel junctions (16).
There has been experimental evidence (17) that poor
reproducibility of such geometric factors can be fatal to
measurements of the DC conductance, except when strong
bonds with the electrodes are formed on both ends of the
molecule, a situation not desired for DNA sequencing
techniques. Therefore, proposed approaches using DC mea-
surements for DNA sequencing need to be reconsidered. This
work also raises the more general question of how electronic
structure is connected to the conductance of a molecule. Our
work contradicts the common belief that the HOMO-LUMO
gap is the determining factor of tunneling conductance, and
that the conductance can be evaluated from the smeared tails
of the HOMO or the LUMO due to the coupling with the
electrodes. Rather, in the absence of resonance, the over-
whelming factor is simply the geometric size and orientation.
This factor also conveniently explains the apparent disagree-
ment with Zwolak and Di Ventra (6), in which the A-type
nucleotidewas shown to have the largest conductance.Noting
that due to the geometric conformation used in that work,
the A has the largest size instead of the G fragment in this
work. Thus in both cases the largest molecule has the largest
conductance.
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FIGURE 2 Angular dependence of the conductance. The data
for G, C, and T fragments are shifted by 0.0001, 0.0002, and
0.0003, respectively, for visibility. Solid lines are from Eq. 1.
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